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Abstract: Potato scab caused by Streptomyces scabies has become a bottleneck threatening the
sustainable development of the potato industry. Using biocontrol strains to combat bacterial
infections is considered an ideal approach. [Objective] We screened the
phosphorus-solubilizing antagonistic strains of S. scabies and investigated their effects on the
prevention and control of potato scab, aiming to provide candidate strains for the development
of composite functional bacterial agents. [Methods] The target strains were screened by plate
confrontation and phosphorus-solubilizing tests. Their taxonomic status was determined by
morphological observation, physiological and biochemical tests, and 16S rRNA gene
sequencing. Pot and field experiments were carried out to measure the inhibitory effects of the
target strains on S. scabies, and the relationship between phosphorus-solubilizing function and
antagonistic effect was analyzed. [Results] Four antagonistic strains BN4-4, BN4-5, BN5-2,
and YN17-2, were screened out. Among them, BN4-4 and BN5-2 showed strong ability to
degrade inorganic phosphorus. BN4-4 and BN4-5 were identified as Bacillus atrophaeus, while
BN5-2 and YN17-2 as Bacillus subtilis. The pot experiments showed that the relative control
effects of the four strains were 71.35%, 38.70%, 62.18%, and 36.22%, respectively. In the field
experiments, BN4-4 and BN4-5 showed the control effects of 69.07% and 56.20%,
respectively. The four strains exerted inhibitory effects on four plant pathogens: Alternaria
solani, Fusarium oxysporum, Rhizoctonia solani, and Verticillium dahliae. The four strains
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showed tolerance to pH 1.0-13.0, NaCl concentration of 1%—-13%, and high temperatures (up
to 80 °C). Furthermore, they were insensitive to commonly used fungicides such as avermectin,
zhongshengmycin, thiophanate-methyl, kasugamycin, and carbendazim. All the four stains
exhibited the ability to metabolize and produce indole-3-acetic acid (IAA), which has been
shown to promote the growth and increase the yield of plants. Notably, strains BN4-4 and
BN5-2 capable of solubilizing phosphorus exhibited stronger inhibitory effects on S scabies
than the non-phosphorus-solubilizing strains. [Conclusion] B. atrophaeus BN4-4 with
phosphorus-solubilizing function demonstrated promising preventive effects against S. scabies.
This strain demonstrated broad-spectrum disease resistance, thermal stability, salinity
tolerance, plant growth-promoting effect, and colonizing ability, serving as a potential
functional strain for preventing and controlling potato scab and other soil-borne diseases in

crops.

Keywords: potato scab; Sreptomyces scabies, antagonists; solubilizing phosphorus
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Figure 1
BN4-5, BN5-2, and YN17-2.

n
.
1
|
A

Inhibitory effects against Sreptomyces scabies CGMCC 4.1765. A—D: Inhibition zone of BN4-4,

2 FEMEHX Ca;(POL), IFIAMR  A-D: #KIKH BN4-4, BN4-5, BNS-2, YN17-2 Wi
Figure 2 Utilization of Ca3;(PO4), by antagonistic strains. A—D: Inhibition zone of BN4-4, BN4-5, BN5-2, and

YN17-2.
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Figure 3  Strain and cell morphological characteristics of BN4-4, BN4-5, BN5-2, and YN17-2. A—D: Colony
morphology of BN4-4, BN4-5, BN5-2, and YN17-2. E-H: Gram staining of BN4-4, BN4-5, BN5-2, and
YN17-2. I-L: Bacteria of BN4-4, BN4-5, BN5-2, and YN17-2.
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#F 1 Bk BN4-4, BN4-5, BN5-2 #1 YN17-2 89 2.2.3 EHTF 16S rRNA F1 gyrB EEAFFIH DT

AT EMFEE
Table 1 Physiological and biochemical properties L PCR P #43Kk15 4 1NHEREAY 16S rRNA

of BN4-4, BN4-5, BN5-2, and YN17-2

LR R B, H 45 PS5 5 2= NCBI udla e it
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BN4-4  BN4-5 BNS5-2 YN17-2

D-galactose
L-arabinose
D-ribose
D-xylose
D-glucose
D-fructose
D-mannose
L-rhamnose
L-sorbose
Inositol
Mannitol
Sorbitol
6,7-dihydroxycoumarin

Potassium gluconate

+

+

+

17 BLAST Zr#rHeXf, Btk BN4-4 #1 BN4-5 5
TRAB ZE AT 8 AR R 5] 99.0%, BN5-2 FlI

- v+ YN17-2 544 B ZEHUFF 1 1 — EPEiA 5] 99.9% L4
- + 4 o FIH MEGA 11.0 RS A BH, WK 4
T IR, Btk BN4-4 F1 BN4-5 51548 2 fFF T B.
t t atrophaeus 4b F[Rl—/r32 I, ARIHIE 95.0%;
B - B & Pk BNS-2 Fl YN17-2 5455 25 /4T 5 B. subtils
+ - - WhFFR—432 ., AR{HIE 87.0%.
- + o+ PE— YRR gyrB LN A BE, R
N oo MEGA 11.0 I ERFELER, L BN4-4
" R i BN4-5 51548 ZEHLFF 1 TCM 9070 51— 4~
S 4352, BN5-2 Al YN17-2 554485 2EHUFF B NCIB

+: Positive; —: Negative.

99

3610 BAEF|— D (E 5), EETEAMELA

YN17-2 (NMDCN000370V)
BN5-2 (NMDCN000370U)

57
B. subtilis subsp. subtilis NCIB 3610 (ABQL00000000)
B. amyloliquefaciens DSM_T7" (FN597644)

Bacillus velezensis CBMB205" (CP014838.5)

95! Bacillus siamensis KCTC 13613" (ATVF00000000)
Bacillus atrophaeus strain JCM 9070" (AB021181)
BN4-4 (NMDCN000370S)

75! BN4-5 (NMDCNO000370T)
Bacillus glycinifermentans GO-13" (LECW00000000)
Bacillus paralicheniformis strain KJ-16" (LBMN00000000)

[Bacillus sonorensis strain NBRC 101234" (AYTN00000000)
981 Bacillus licheniformis strain DSM 13" (AE017333)

0.01

Halobacillus halophilus DSM2266" (HE717023)

4 ET 16S rRNA EEFIIMERNRGZLER 155D EIEA GenBank 55 ; /3 X AMRITA A Jé
{E; FRR0.01 AR IR 3
Figure 4 Phylogenetic tree constructed based on the 16S rRNA gene sequences. Numbers in parentheses are

GenBank accession numbers; The bootstrap values are shown at the node; The scale bar indicates 0.01
substitutions per nucleotide position.
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5 £F gyrB EEFFMRMN AL L BR
BRI 0.01 R itrm Bk

55 BUE N GenBank B 5E5; 4 CAMREA H REIE;

Figure 5 Phylogenetic tree constructed based on the gyrB gene sequences. Numbers in parentheses are
GenBank accession numbers; The bootstrap values are shown at the node; The scale bar indicates 0.01

substitutions per nucleotide position.

A AR AR R AT A5 R, i E AR BN4-4 I
BN4-5 %4 2 {1 (B. atrophaeus), BNS5-2
FYN17-2 5 0l B 204 5 (B. subtilis).
23 HhESERNMEKEBRIIEEXHIE
MR AV IS TS
2.3.1 AFIFIAE

IR 25 R U 2 FIFE 6 iR, &4 A4 2R
FREAE BNS5-2 AbFRZImE /DAL, HAth % 20 8] G
FEF, H, KAEY] CK1 R KA,
ENGECEINEP S E b R R SOl E X (AR E ) P
FHZH CK2, WPk BN4-4 AbFRLH LKAk, N
(15.87£3.61)%, WEML TR BN4-5 Zb3a ;

PR BN5-2 b3 K% R (20.97+3.70)%, 2
FRTFRAR YN17-2 A HEeH . BA5 P AL B Y
W iE R RS AT R R AL A CK2, ik
B TRk BN4-4 AbBRZH N 12.46+1.51, HAHXT B4
B PR BN4-5 AbFRZH 465 45.76%, 25 7iAF 0
K. BBk BN5-2 kb B ZH R 1 48 Sk
13.03+4.07, HAHXTBHALIE(62.18+7.59)%, KA
Pk YN17-2 AbPRZH3R S 41.75%, ZFAEEE
KF-

O3MT EIRGE R A IN, B R DI RE IR 2F
fLFF 8 BN4-4 FAG B 2R FT B BNS-2 X 48 5%
SR P9 577 37 2550 R 5 6ok 7 P = Al o o oA
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x2 ARAKLE
Table 2 Results of pot experiment

Treatment Number of grains Occurrence rate (%) Disease index Relative control effects (%)

CK1 15.00+1.15a 0.00 0.00 -

CK2 16.00+1.00a 95.69+3.73a 55.68+1.46a -

BN4-4 15.00+0.58a 15.87+3.61c 12.46+1.51b 71.35+7.01a

BN4-5 15.00+0.58a 33.97+5.74b 22.9944.58b 38.70+11.67b

BN5-2 13.00+0.58b 20.97+3.70c 13.03+4.07b 62.18+7.59a

YN17-2 15.00+2.00a 35.354+4.62b 26.65+5.80b 36.2249.77b

Data were presented as mean+SD, means with different letters are significantly different at P<0.05. “—” indicates that the results

will not be discussed.

6 SRETERMEER

Figure 6 Pot experiment results of potato. A: CK1. B: CK2. C: BN4-4. D: BN4-5. E: BN5-2. F: YN17-2.

2.3.2 HiERRIRE

Pk Ak 5 b R I BN4-4 Al
BN4-5 YE17 I AHRE, 25 405k 3 FR, Kt
TR 751 8 X6 B2 2% 05 %0 (94.041.25)% , i T FR 4L
h 45.84+8.00; B BN4-4 B 1AL FRLH & 55 2%

4(29.1046.03)%, FATEFEECH 29.1146.03, FHXT

*3 HERESER
Table 3 Results of field experiment

B3R (69.07£6.29)%; et BN4-5 B 4 Ab B
H kRN (41.214.94)% , 5 15 15 B M
41.21+4.94, FHXTBIRCR(56.2044.79)% . k%L
P55 7k U 4 S — 2, BV ELAT 055 ) RE 1Y TR AR
P[] B R4 A . AT L, s e H AT 50 AN i e D e
) A 875 T e ST I S A A58 7 45 118 S i

Treatment Occurrence rate (%) Disease index Relative control effects (%)

CK 94.04+1.25a 45.84+8.00a -

BN4-4 29.10+6.03¢c 29.11+6.03b 69.07+6.29a

BN4-5 41.21£4.94b 41.21£4.94ab 56.20+4.79b

Data were presented as mean+SD, means with different letters are significantly different at P<0.05. “—” indicates that the result

will not be discussed.
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FW, 37, 60, 80 °CALHE, BN4-4 (3% H%L
394 6.0x10°,1.2x10°,2.0x10* CFU/mL , BN4-5

0.0 La== 1 I I 1 1 1 1 1
0 4 8

t/h

12 16 20 24 28 32 36 40

350 5.2x10°, 8.0x10%, 1.0x10* CFU/mL, BN5-2
314 5.0x10°.6.0x10%,1.0x10* CFU/mL, YN17-2
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BME, BN4-4 HAABFIERE M
¥ 4 DB A 4F T pH 1.0-13.0. NaCl
TN 1%-11%1 LB WARKE RIS 24 h
KIL, 4 A TAREI T A2 NaClVEEH 11%0) 5
ERIREE, 7E pH 1.0-13.0 B4 Rl f736 . H
R bk BN4-4, BN4-5 1 YN17-2 o[£ pH &
5.0-9.0 PRI IE W A, BIRE BNS-2 {UE LY
pH 5.0-7.0 (55 FRYEINE . Rl 5557 5 NaCl ¥k
FERYSEIN, Pk BN4-4 fil BN4-5 (94954 Fr
FF%; BN5-2 Fll YN17-2 7€ NaCl &% &84 1%-7%
AR IR E Al IEH A2 K, ODgoo fHIA 1.00-1.50,
243 BRI E R AEREF RS
AN RIS B TR R XT3 71 7] A 0% 3K
GERA 4. TEVA TCHE/KUEACH JH B 4 #R 2
FFFRBIATIE R AR JRAEmME | SRERE . Rk H
e K H G AT 4 BREE A TRVE . TRk
BN4-4, BN4-5, BN5-2 XMCARGREFHUR, Rk
BNS-2 XA - g R 5 PR BURR . 4 BRESPLIA
AR IIAZITYER R | AR B IR R
TR W R | E R - R B

6.5" 1 1 1 1 1 1 1 1 [
0 4 8 12 16 20 24 28 32 36 40

t/h

7 E¥ BN4-4, BN4-5, BN5-2 1 YN17-2 B9 K B2 A0 pH SERPIE A A KB4k, B: pH

AR K

Figure 7 The growth curves and the pH monitoring values of BN4-4, BN4-5, BN5-2, and YN17-2. A: The
growth curves. B: The pH monitoring values. Error bar: Represent standard error, with data from three data

duplications.
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NaCl (%) NaCl (%)

BN5-2 YNI17-2

00 EEssss 00
._'m'm'l\'o\':'g' -—'m'-n'l\'ox':'g'
NaCl (%) NaCl (%)

8 EMEMEEAMIERETEE A SiROHERRETOS IS AR, B-E: pH 2%, F-1.

NaCl i 32 i 5%

Figure 8 Resistance range of antagonistic bacterial to high-temperature and salt-alkali. A: Inhibitory effect
against Streptomyces scabies after heating. B—E: pH resistance test. F-I: NaCl resistance test. Error bar:
Represent standard error, with data from three data duplications.
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¥ 4 PRISTE King [ EE R ELIE5R 24 h,
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LT 10B), Hitk JAA IUF= B3 0.012 4,
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* 4 REFIXE BN4-4, BN4-5, BN5-2 F1 YN17-2 B9
Table 4 Effect of fungicides on BN4-4, BN4-5, BN5-2, and YN17-2

Fungicide Concentration (%) Resistance
BN4-4 BN4-5 BNS5-2 YN17-2

H,0 + + + +
Avermectin 0.10 + + + +
Zhongshengmycin 0.10 + + + +
Thiophanate-methyl 0.01 + + + +
Kasugamycin 0.05 + + + +
Mancozeb 0.10 - - - +
Pyraclostrobin 0.10 + + + +
Carbendazim 0.10 + + + +
Thiamethoxam 0.10 + + + +
Flusilazole 0.10 - - - -
Fluazinam 0.10 - - - -
Difenoconazole 0.10 - - - -
Bifenthrin & Acetamiprid 0.01 + + - +
Iprodione 0.10 + + - +
Fluopicolide & Propamocarb 0.10 + + + +
Chlorothalonil 0.01 - - - -
“+” indicates that fungicides do not affect antagonist growth; “—” indicates that fungicides inhibit antagonist growth.

CK BN4-4 BN4-5 BN5-2 YN17-2

V. dahliae

R. solani

F. oxysporum

A. solani
9 MRERISIERME  A-E: EHR KA IEPECR. F-)
K-0: BN AR RS HIRCR. P-T: WRRRT 0 B AS 61 D  F P8CR
Figure 9 Broad-spectrum resistance of four strains. A—E: Inhibitory effect against Verticillium dahliae. F-J:

Inhibitory effect against Rhizoctonia solani. K—O: Inhibitory effect against Fusarium oxysporum. P—T:
Inhibitory effect against Alternaria solani.

http://journals.im.ac.cn/actamicrocn



2726 WANG Ziwei et al. | Acta Microbiologica Snica, 2024, 64(8)

A B
BN4-4 BN4-5 0.9 -
N
W W , 06
% 2.28
Y=12.28X+0.1515
BN5-2 YNI7-2 03} et

L\ L “ %800 0.02 0.04 0.06

IAA content (mg/mL)

El 10 E#R7W IAABEJINE A BESUVER: WARARUCOU TN, FlR . = FXHE B:
TAA FrfiEi £
Figure 10 Detection of the ability to secrete [AA of strains. A: The result of chromogenic reaction: from left

to right are positive control, bacterial solution, and blank control in sequence. B: IAA standard curve.

A BN4-4 BN4-5

B 60, _ i
_ 5 c
S 40! 5 2
= o £
5 5 g
E 20 + "; E
&
0 0 X 5 9.0
69 b( %b"%‘)’ ‘\(\/
T IS

1 FRERERE A R B: MRS, C: HIMEERL D: HEtk AR S B B2
Figure 11 Growth promotion assay of antagonistic bacterial. A: Growth promotion assay in pot. B: Plant
height. C: Stem diameter. D: SPAD. E: Tuber mass. The presented values are the means of three determinations,
with standard deviations indicated. The presented values are the means of three determinations, with standard
deviations indicated; Means with different letters are significantly different at P<0.05.

141.09%, 25K 50N B E K, SPAD #in iFpdfeEr =), Hih BN4-4 R LE.
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12 FEERERFRETRDHERES

Figure 12 The amount of colonization of strains in
rhizosphere soil. The presented values are the means
of three determinations, with standard deviations
indicated. Error bar: Represent standard error, with
data from three data duplications.
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